INTRODUCTION
The concept of the homogeneaus structure of a catalyst's surface which originated with Langmuir 1 has been developed into the crystal plane theory 2 • 3 • This attributes the seat of adsorption or reaction to a particular lattice plane, assigning to each metal atom on it a physically identical function of composing a site of adsorbate or of an activated complex of heterogeneaus elementary reaction. The geometry of the lattice plane necessitated an allowance for the interaction between the chemical species on the lattice plane
• 3 •
It was shown recently that the adsorptionisotherm ofhydrogen on the (110)-lattice plane of face centred cubic (f.c.c.) nicke! crystal thus calculated accounts satisfactorily for the experimental results 4 • The theory of the heterogeneous model initiated by H. S. Taylor 5 has developed, on the other hand, into the distribution function method 6 , which presupposes a distribution of sites as a function of adsorption energy, without taking account of the interactions among adsorbates*.
By the homogeneous and heterogeneous rnodels we will mean here those in the recently developed theories mentioned above. The present paper is concerned in judging between the two models of the catalyst's surface.
The heterogeneaus modelwas first investigated by deriving the distribution function from adsorption isotherms of hydrogen on nickeF and tungsten 8 • 9 obtained at 300° and at lower temperatures and which should be congruent, irrespective of the temperature, with one and the samemetallic adsorbent. The result was that the distribution functions are found to be considerably incongruent 10 , and it was concluded that the heterogeneaus model is inconsistent.
On the basis of the homogeneous model, however, the adsorption isotherms of hydrogen on nickel have been evaluated at different temperatures from 0 to 300°1 1 assuming the (110)-lattice plane off.c.c. nicke! crystal as the seat of adsorption. The theoretical isotherm was found to be in conforrnity with the observed one.
The question arises now as to how the above conclusions can be reconciled with the results of the differential isotopic method 12 which are accepted as providing exclusive evidence for the heterogeneaus model. In this connection the recent work of Toya 13 is reviewed, who has shown that the results of the latter method can be deduced equally from the homogeneaus model after due allowance has been made for the mutual interaction between adsorbates.
On these grounds i t is concluded below that the surface of metallic catalysts is homogeneous, in sofaras we are concerned with the adsorption ofhydrogen. §1. DISTRIBUTION FUNCTION DEDUCED FROM ADSORP-TION ISOTHERM We will investigate the validity of the distribution function method with reference to the observed adsorption isotherms of hydrogen on nickeF and tungsten 8 • 9 , assuming that adsorbed hydrogen is dissociated to form statistically independent adatoms each localized to a site.
The adsorbed amount v is expressed according to the distribution function method as
where F(E)dE is the number of sites, which provide the energy of adatoms lying between E and E + dE, F(E) is the distribution function, and
is the fraction of the specified sites which are occupied by adatoms of the chemical potential,_". The (} is given, in the assumed absence of interaction between adatoms, as (2) which gives also the population (} of the Fermi gas of the chemical potential IL on the state of energy E. Since the chemical potential IL of an adatom is one-half of that, /La, for a hydrogen molecule at adsorption equilibrium, and /LG is expressed in terms of the hydrogen pressure P and the value ,_" 1 of /-tG at P = 1, as
Equations (2) and (3) Iead to the Langmuir-type adsorption isotherm. It has been observed 7 -9 that the hydrogen adsorption obeys Freundlich's law, i.e. that (4) except at very low values of P, where v and c are respectively constant at constant temperature. We will deal, in what follows, solely with observations over the range where ( 4) holds. Our programme is now to determine F(E) by (1) from the observed function v of Pas given by (4). Sips 14 and Todesand Bondareva 15 have applied the theory of Laplace-Stieltjes transform for determining F(E) from the known function of v. We have, by direct application of this method to (1) with the specifications of (2), (3) and (4) 10 , where
This result is associated with the physical difficulty, as remarked by SipsH, that the total number of sites J _+: F(E)dE is infinite for a finite portion of catalyst. Sips 14 • 16 proposed alternative isotherms in terms of the average covered fraction, which led to a finite total number of sites, but they themselves were incompatible with the observed isotherms 10 • This difficulty associated with (5F) arises from the implicit assumption that Freundlich's law (4) holds over the whole range of P, which is by no means confirmed. What we know is that equation ( 4 (6b) Equation (6a) or (6b) is identical with (5F) except that F(E) of (6a) is confined to the range of E which equals fL determined by observation.
F(E) based on the observation by. (6a) is shown in Figures 1 and 2 by the plot of log F(E) against E equated to p, respectively for nicke! and tungsten. The segments at different temperatures are each limited above and below at the extremities of observed values of v by (6b). Figures 1 and 2 show thatF(E)'s at different temperatures deviate widely from each other for both the adsorbents. (2) is written in the form
The left-hand side is the ratio of the probability of a particular site being occupied to that of its being unoccupied exp(-p,jRT) is equal top, ignoring the effect of the microscopic constraint that the particular site is kept unoccupied. It follows now that 4 • 18
The factor q is expressed as 4 • 18 where q = q 0 exp(-E 0 jRT)
and Vj is thej-th vibrational frequency ofthe adatom. Wehave thus from (7) 
The amounts to 1·00004 at 0° and 1·0058 at 300°, so that its contribution to the term-2c log q 0 in (9a) is practically as negligible asthat ofinfinite frequency. On this ground we have assumed that v 1 is infinite and v 2 = v 3 , and proceeded to evaluate the latter for the congruence of F 0 (E 0 ) derived from observed isotherms at different temperatures. They should be congruent with each other, insofar as the heterogeneaus model is valid, at a certain value of v = v 2 = v 3 , if the latter be constant and independent of E 0 • However, ifit varies with E 0 , the segments oflogF 0 (E 0 ) shouldintersect eachother at E 0 , to which the assigned value of v is relevant. The intersection of the segments is thus the necessary condition for v being relevant to a certain value of E 0 covered commonly by the segments.
It is readily shown that the segments of log F 0 (E 0 ) plotted agairrst E 0 shift to the right with decrease of v each with its upper and lower ends defined by those of the observed values of v according to (6b), and its inclination against E 0 remairring constant. Also, the segment of higher temperature shifts more rapidly with decrease of v than that of lower temperature. It is thus possible to allow the segments of different temperatures to intersect each other by sufficiently decreasing v.
Segments at 0° and 300° thus intersect as shown in Figure 3 at v = 21·6 cm-1 in case ofnickel or inFigure 4 at il = 30·8 cm-1 in case oftungsten. The intersection of these segmentsbegins just at the above value of v in the respective cases and continues until iJ is decreased down to 6·2 cm-1 or 21·6 cm-1 respectively.
It might be noted that if v 1 , v ----+ oo, q 0 is unity according to (7c), so that there is no distinction between E and E 0 , or hence between F(E) and F 0 (E) 0 • The segments for i/ 1 , il----+ oo in Figures 3 and 4 are, in consequence, just the reproductions of those in Figures 1 and 2 respectively.
It follows from the above results that for the heterogeneaus model to be consistent, the lateral vibrational frequencies of adatoms must be those of far infra-red or microwave. §3.
CONCLUSIONS OF DISTRIBUTION FUNCTION METHOD
The probability w of an adatom being localized on a metal atom to which it is bonded is now deduced from the " microwave " frequencies for the ground state of adatom as shown in Table Jl for nicke! as mentioned in the foregoing section. The localization is practically perfect for 448 cm-1 of nicke! and 275 cm-1 of tungsten, which is by no means the case for the "microwave" frequencies. Without localization, the experimental results of the differential isotopic method could never occur (cf. §6).
The "microwave" frequencies may be further excluded on the following grounds. Gomer 19 has found from studies of field emission that the activation energy for a jump of an adsorbed hydrogen atom from one to another surface tungsten atom varied from 16 to 6 kcal per mole of adatom with an increase of the amount adsorbed. From this result it is deduced that the frequency of the lateral vibration is at least 275 cm-110 , which excludes the "microwave" frequencies as those of adatoms.
No relief can be found in the alternative assumption of partial or total molecular adsorption in the place ofthe atomic adsorption considered so far 10 i .e. on the assumption that each adatom is chemisorbed on a physically identical site provided by a metal atom on the lattice plane of the metallic crystal. The (110)-lattice plane of f.c.c. crystal shown in Figure 5 was taken to be the seat of the chemisorption on nicke1 since this wou1d allow minimal repulsionstobe exerted upon an adatom by meta1 atoms other than that to which it is bonded 4 • The predominant adsorption on the (110)-lattice plane is confirmed by the semi-empirical rule ofEley 20 , and by the quantummechanical arguments of Toya 21 that the heat of adsorption at zero coverage is highest on the least dense lattice plane. This model of adsorption led necessarily to an allowance for repulsion between each pair of adatoms because of the distances thus defined. The repulsion was estimated by means of Eyring's semi-empirical equation 22 • The theoretical isotherm was derived 4 in four different approximations, i.e. the first, second, third ones, respectively, by an extension of the BethePeierls' method 2 3, and the "proportional" approximation. The first approximation took account ofthe repulsive potential only ofthe first nearest adatoms, the second one that of the first and the second nearest adatoms, and the third one that of the third nearest adatoms as weiL The first nearest ones to an adatom on the site a 0 in Figure 5 are those on a 1 and a 2 , the second nearest ones those on a 3 and a 4 , and the third nearest ones those on four corner sites in Figure 5 . In the " proportional " approximation, the repulsive potential of adatoms is assumed to be proportional to the covered fraction. The covered fraction 8 was thus derived 4 in each approximation as a function of y, which gives the ratio of the probability of a particular site being occupied to that of its being unoccupied in the absence of interaction between adatoms11. The y is calculab1e on the basis of the spectroscopic data as a function of the temperature T, the pressure P of hydrogen, and the heat /:J..e of adsorption at absolute zero in the absence of interactions, i.e. the excess energy of a hydrogen atom in a gaseous hydrogen molecule at the ground state over the ground state energy of the adatom in the absence of the interaction The function B(y) was thus worked out at 50° with the different approximations and compared with the observed isotherm with the following results. (i) The fJ(y) of the second and the third approximations were almost congruent with each other. In contrast, that ofthe first approximation deviated slightly from them, and that of the "proportional" approximation did appreciably. (ii) ~E was adjusted to make B(y) of the third approximation proportional to the observed amount v(P) of adsorption 7 ; the ratio vjfJ thus determined yielded a value 0·8 x 10 15 cm-2 of lattice points for unit BET -area which is in conformity with the crystallographic value, whereas the adjusted value of ~E reproduced the observed limiting value 26 kcal per mole of H 2 for the differential heat of adsorption in the limiting case e-~o.
The isotherms based on the homogeneaus model were further investigated11 by calculating fJ(y) at 0°, 50°, 100°, 150°, 200°, 250° and 300°, and by collectively adjusting them to the observations at the respective temperatures7 by varying ~E and the repulsive potential. The actual calculation was carried out by the second approximation which was taken as sufficiently accurate a substitute for the extremely laborious third approximation 11 ; cJ. the result (i) above. The bestfit is shown in Figure 6 .
The adjusted value of ~E is 10·3 kcal per mole adatom, which yields a limiting value of 22 kcal per mole H 2 for the differential heat of adsorption at B -~ 0 and at 300°1 1 . This value is somewhat lower than the previous value of26 kcal per mole H 2 obtained from the fit at 50°4, which was in complete agreement with the observed value 24 • The proportional factor v/B gave, on the other hand, the nurober of sites as 1·1 X 10 15 cm-2 • This is in agreement with the crystallographic value of the (110)-lattice plane of f.c.c. nickel crystal which is assumed to constitute exclusively the BET -surface area observed.
§5. DEVIATIONS
In the main, as is seen in Figure 6 , the theoretical coverage B runs pro-· portianal to the observed amount of v with the values of ß.E and the nurober of sites being adjusted in conformity with the homogeneaus model under1ying the theoretica1 ca1culation.
However, the v deviates systematically from being proportional to () or it grows too large at higher B at every constant temperature; futhermore, the B, where the deviation begins, is the lower, the higher the constant temperature. This deviation was interpreted as follows by attributing it to an additional state of adsorption, which may come into play at higher B.
Toya has shown quantum-mechanically that there exist two types of adsorption on the same lattice plane 25 • 26 , called by him r-type and s-type adsorption. The r-type adsorption is the chemisorption of the usual sense so far dealt with, i.e. that of adatom situated outside the surface of the meta1 and bonded to a metal atom on the surface lattice plane. The s-type adsorption is a type of .dissolution, the adatom being situated immediately inside the metal surface; the appropriate sites correspond each to a surface metal atom and are occupied exclusively by one adatom. The r-type adatoms exert repulsion on each other, whereas s-type ones hardly repel each other or r-type ones 26 • In the case of nickel, r-adatoms are associated with a fairly large value of ß.E compared with s-adatoms 26 • The energy of the former increases with increase of the coverage because of the repulsive interactions, whereas that of s-adatoms remains practically constant and independent of any sort of coverage. These theoretical conclusions 25 • 26 are in conformity with the experimental conclusion unequivocally arrived at by Suhrmann et al. 27 , Sachtler et al. 28 and Zwietering et al. 29 , that there are two different states of adsorption.
The present author has dealt first with the case in which either, but not both, of the r-type and s-type adsorption sites pertaining to one surface metal atom is occupied at the same time. The isotherms of r-type and s-type adsorptions have been derived 11 on the above assumption allowing for the repulsive interaction of r-ada toms by the second approximation. The coverages ()r and 8 5 respectively of r-and s-type adatom are calculated 11 as functions ofthe particular values Yr and Ys of y for the adatoms of the respective types*. Figure 7 shows the plot of the coverage () of r-type adsorption, calculated without allowance for the s-type adsorption, against ()r + 8 5 , where Yr/Ys was assumed 11 arbitrarily to be 10 3 in view ofthe insufficient information at present available on s-type adsorption. Since the adsorbed amount v is now proportional to f)r + 8 5 , Figure 7 accounts qualitatively for the deviation of v revealed in Figure 6 .
* The value of y depends on the state of adsorption as mentioned in the foregoing section.
Two other cases were also considered 11 for the additional state of adsorp· tion. One is that of s-type adsorption occurring independently of the r-type adsorption on the same (110)-lattice plane, so that the sites of both types of adsorption pertaining to a surface metal atom may be occupied simultaneously. The other isthat ofr-type adsorption on another lattice plane with a smalier value of fl.E. It was shown 11 that the deviation in question is accounted for qualitatively in both these cases 11 • We are not able so far, however, to decide between these cases by a quantitative comparison of the theoretical conclusion with the experimental result. The question arises of how to reconcile the above conclusions with the results of the differential isotopic method 12 , i.e. the preferential desorption of isotopically Iabelied adsorbate admitted later. This has been accepted as providing exclusive evidence for the heterogeneity of the catalyst's surface on the grounds that the adsorbate initially adsorbed should occupy the sites of greater heat of adsorption leaving those of smaller heat of adsorption to the Iahelied adsorbate introduced later. In this way, the latter is recovered preferentially on desorption, whereas the "proportional" approximation on the basis of the homogeneous modelleads to an equal chance of desorption irrespective of the sequence of adsorption.
Toya has shown recently 13 that there arises an energy difference between the previous occupant and the subsequent one even on the basis of the homogeneaus model, if the repulsive interaction is taken into account by the first and the higher approximations instead of the "proportional" approximation (cf. §4).
He has thus calculated the relative amounts recovered on desorption, respectively, of the portians ·initially and subsequently introduced with the following example. Hydrogen is initially adsorbed up to the coverage of 0·542, isotopically Iahelied hydrogen. is subsequently adsorbed to increase the total coverage by 0·121, and then they are desorbed. The portion of gas initially desorbed was calculated, according to the first approximation, to consist of 63 parts of initially (unlabelled) adsorbed hydrogen and 100 parts ofthe labelled hydrogen, ignoring the isotope effect 13 , whereas the ratio of the amounts desorbed equalled, according to the "proportional" approximation, exactly the ratio of the respective coverage, i.e. 0·542 : 0·121.
The sequence of events involved in the above calculation may be put into words as follows, first considering the simple adsorption of hydrogen atoms. The previous occupants take an easy seat of lower repulsive potential, until a certain coverage has been reached, and leave cramped seats of greater repulsive potential to the newcomers. The first approximation now takes account of the repulsive interactions between the first nearest neighbours, so that we are concerned only with the arrangements of adatoms on sites on a line at equal intervals of the first nearest distance, i.e. that between cr 0 and er 1 or er 2 in Figure 5 . The previous occupant a toms of the coverage around 0·5 will occupy the sites on the line approximately alternately. A newcomerwill now have two nearest neighbours with repulsive potential twice that between a pair of nearest neighbours. In contrast, a previous occupant neighbouring a newcomer will have only one nearest neighbour, insofar as the newcomersaresmall in number, gaining a repulsive potential equal to that between a pair of nearest neighbours. The newcomers on the cramped seat must, in consequence, be desorbed preferentially. Toya 13 has shown that the above conclusion remains unaltered if adatoms are formed by the dissociative adsorption of hydrogen molecules, provided that the pair of hydrogen atoms of each molecule are divided between the second nearest pair ofsites, i.e. that of er 0 and er 3 or er 4 inFigure 5, as concluded by Okamoto, Horiuti and Hirota 3 • This difference in energies of the previous occupants and newcomers should vanish altogether at full coverage. Toya 13 has pointed out that although the homogeneaus and the heterogeneaus models might seem · experimentally distinguishable by desorption at this condition, the lttera procedure is yet unpromising because of the possible appearance of s-type adsorption at higher coverage as indicated by the deviationdealt with in §5; newcomers would then form more-or-less s-type adatoms of higher energy to be desorbed preferentially. §7. CONCLUSION
The heterogeneaus model in terms of the distribution function does not consistently account for the adsorption isotherms of hydrogen on nickel and tungsten ( cf. § 1, 2 and 3).
The homogeneaus model describes reasonably, on the other hand, the observed isotherms if allowance is made for repulsive interactions between adatoms ofr-type adsorption accompanied by s-type adsorption in conformity with the quantum-mechanical theory of adsorption 25 • 26 • The experimental results of the differential isotopic method, which are usually accepted as providing exclusive evidence for the heterogeneaus model, may equally weil be deduced 13 from the homogeneaus model with proper allowance for the repulsion between adatoms.
On these grounds the heterogeneaus model is rejected, whereas the homogeneaus model admitted.
